Pork was used as raw material to produce Cantonese sausage, with additions of 0.05% or 0.1% D-sodium erythorbate. e oxidation indices (peroxide value, TBARS value, carbonyl value, and conjugated dienes value) and enzyme activity (total phospholipase, acid lipase, neutral lipase, superoxide dismutase, and glutathione peroxidase) were measured in the sausages at di erent processing periods. e results showed slowed lipid oxidation in the presence of D-sodium erythorbate, inhibition of total phospholipase, acid lipase, and neutral lipase activities, and increased superoxide dismutase activity, with little change in glutathione peroxidase activities. When increasing D-sodium erythorbate, the superoxide dismutase activity was negatively correlated with the peroxide value at 5 h (P < 0.01), the neutral lipase activity was positively correlated with the conjugated dienes value at 15 h (P < 0.01), and the total phospholipase activity was positively correlated with the peroxide value at 30 h (P < 0.01).
Introduction
Cantonese sausage is a traditional Chinese semidry sausage that is made in Guangdong Province, a region in the south of China. Cantonese sausage can be fancy grade, grade one, or grade two depending on the ratio of lean pork to pork back fat, with ratios of 8 : 2, 7 : 3, and 6 : 4, respectively [1] . Lipids in Cantonese sausage play an important role in the quality of the product. e unique avor of this sausage is mainly derived from lipid degradation and lipid oxidation [2] . Proper lipid oxidation promotes avor formation, but excessive lipid oxidation causes the formation of unpleasant avor compounds [3] , which can seriously a ect the quality of the sausage. erefore, the control of excessive lipid oxidation is a key goal of sausage processing.
Lipid oxidation can be controlled by vacuum-packaging or by adding antioxidants. Ascorbic acid is a commonly used antioxidant in food systems as an oxygen scavenger (e.g., 3 .5 mg of ascorbic acid will scavenge the oxygen within in l cm −3 of headspace). In addition, the metal-sequestering activity of ascorbic acid provides antioxidant activity, by the formation of metal-ascorbate complexes that are less reactive with oxygen than with metal ions alone [4] .
Sodium erythorbate (sodium isoascorbate) is an optical isomer of sodium ascorbate. It lacks the physiological activity of sodium ascorbate, but has a higher antioxidant activity than that of sodium ascorbate. Because its production cost is only 1/3 that of sodium ascorbate, it is widely used in the production of meat products. e application of sodium erythorbate in meat products has been studied by various researchers. Xu et al. [5] studied the e ect of different concentrations of sodium erythorbate on the peroxide value of sausage, and the results showed that 650 mg/kg reduced 90% of the peroxide value. Choe et al. [6] found that for a storage period of 12 days, the peroxide value and degree of lipid oxidation as measured by the 2-thiobarbituric acid extraction (TBARS value) of pork pie were e ectively inhibited by addition of sodium erythorbate.
Anjum et al. [7] observed that ax seed oil resulted in an increase in the superoxide dismutase (SOD) activity of Broiler Serum, from 2.80 to 3.22 (50% pyrogyllol auto-oxidation/min/mg) and increased glutathione peroxidase (GSH-Px) activity, from 2.33 to 3.23 (nmol NADPH/min/ mg protein). Zhao et al. [8] observed that SOD activity of the longest muscle increased from 5.84 to 6.3 U/mg tissue by adding 5% of wine grape residue to lamb feed, and SOD activity of the sample was only 6.17 U/mg tissue when 10% of wine grape residue was added.
Most studies on the effects of antioxidants on lipase and antioxidant enzymes in meat products have reported similar effects to those reported by Anjum et al. [7] and Zhao et al. [8] . Animals were fed with antioxidants for a period of time and slaughtered, and then the lipase and antioxidant enzymes of the animals were analyzed. However, few researchers have focused on the direct addition of sodium erythorbate to meat to make meat products, with analysis of the changes of lipase and antioxidant enzymes. e main objective of this study was to investigate the effects of D-sodium erythorbate on the activity of lipase and antioxidant enzymes during the processing of Cantonese sausage and analyze the correlation of oxidation indices and enzyme activities, providing a theoretical foundation to improve the quality of Cantonese sausage.
Materials and Methods

Preparation of Cantonese Sausage.
Fresh pork was purchased from a local supermarket and then chilled for 24 h at 4°C in a refrigerator. e raw pork was then cut into piece of 8-10 mm, and the ratios of lean pork and pork back fat were 8 : 2. e ingredients for the sausage include sugars (5 g/100 g pork), salt (2 g/100 g pork), raw soy sauce (5 g/ 100 g pork), Chinese liquor (3 g/100 g pork), nitrate (10 mg/ 100 g pork), and water (15 g/100 g pork). Next, sodium erythorbate was added to the mixture at 0%, 0.05%, or 0.1% (DSE-0, DSE-0.05, or DSE-0.1, respectively). e mixture was then mixed evenly and stuffed into natural pork casing of variable diameters. e sausages hung vertically in drying chambers (50°C) for 72 h. e index values were measured at 0 h, 5 h, 10 h, 15 h, 20 h, 30 h, 48 h, and 72 h.
Peroxide Value (PV) Assay.
e PVs of all samples were determined according to the AOAC method (AOAC, 965.33) and expressed in milliequivalent (meq) peroxide per kg of sample [9] .
iobarbituric Acid Reactive Substances (TBARS) Assay.
Lipid oxidation was measured by the 2-thiobarbituric acid extraction method of Vyncke [10] . TBARS values were calculated based on the absorbance of each sample at 532 nm and a standard curve (8-50 nmol) of malondialdehyde (MDA) that was constructed using freshly prepared MDA by the acidification of 1,1,3,3-tetraethoxypropane. TBARS values were expressed as mg MDA/kg sausage.
Carbonyl Value and Conjugated Dienes Value Assay.
e carbonyl value and conjugated dienes value were determined according to the method of Klein [11] with slight modifications. First, 2 g of meat sample was shredded and added into 40 ml of a 2 : 1 mixture (v/v) of trichloromethane/ methanol, the mixture was homogenized for 60 s at 4000 rpm using an ultrahomogenizer (T25, IKA, Germany). e homogenate was then allowed to stand for 1 h and then passed through a layer of filter. Next, 8 ml 0.7% NaCl was added, and the reaction was oscillated and stated for 3 h. e lower liquid was steamed in a rotary evaporator (R202-2, Heidolph, Germany) in a 44°C water bath. e obtained oil was dissolved in cyclohexane and diluted to 200 ml/L. Absorbance was recorded at 215 nm, 232 nm, and 275 nm using a UV/Vis spectrophotometer (SP-2102UV, Spectrum, China). e A 275 /A 215 value corresponded to the carbonyl value, and the A 232 /A 215 value corresponded to the conjugated dienes value.
Preparation of Crude Enzyme Solution and Determination
of Enzyme Activity. Five grams of minced muscles were homogenized in 25 ml of 50 mM phosphoric acid buffer, pH 7.0, containing 5 mM of EGTA. e mixture was homogenized at 25,000 rpm using an ultrahomogenizer (4 × 10 s, cooling with ice) and then stirred for 30 min in a cool bath. e homogenates were centrifuged at 4°C and 10,000 g for 20 min (CTH 2050R, ermo Fisher, USA) and then filtered through glass wool. e filtrate was then subjected to enzyme assays [12] .
2.6. Assay of Total Phospholipase Activity. Total phospholipase activities were assayed according to previously described methodologies [13] and described briefly below. First, 0.1 ml of muscle extract was diluted with 2.8 ml of 0.1 M disodium phosphate/0.05 M citric acid buffer, pH 5.0, containing 0.05% (w/v) Triton X-100, 0.15 M sodium fluoride and 0.8 mg/ml bovine serum albumin (BSA). To this mixture, 0.1 ml of 1.0 mM 4-methylumbelliferyl-oleate (Sigma) was added as substrate. After incubation at 37°C for 30 min, the reaction was stopped with the addition of 0.5 ml of 1 M·HCl, and the fluorescence was monitored at λ ex � 328 nm and λ em � 470 nm using a fluorescence spectrophotometer (RF-5301, SHIMADZU, Japan).
Acid Lipase Activity and Neutral Lipase Activity.
Muscle acid and neutral lipase activities were assayed as described in [3] and as described below.
Acid Lipase.
To assay acid lipase, 0.1 ml of muscle extract was diluted with 2.8 ml of 0.1 M disodium phosphate/ 0.05 M citric acid buffer, pH 5.0, containing 0.05% (w/v) Triton X-100 and 0.8 mg/ml bovine serum albumin (BSA). To this mixture, 0.1 ml of 1.0 mM 4-methylumbelliferyloleate (Sigma) was added as substrate. After incubation at 37°C for 30 min, the reaction was stopped with 0.5 ml of 1 M HCl and the fluorescence was monitored at λ ex � 328 nm and λ em � 470 nm.
Neutral Lipase.
To measure neutral lipase, 0.1 ml of muscle extract was diluted with 2.8 ml of 0.22 M Tris/HCl buffer, pH 7.5, containing 0.05% (w/v) Triton X-100. To this mixture, 0.1 ml of 1.0 mM 4-methylumbelliferyl-oleate (Sigma) was added as substrate. After incubation at 37°C for 30 min, the incubated samples were immediately cooled in an ice-water mixture and then measured within a minute. e fluorescence was monitored at λ ex � 328 nm and λ em � 433 nm.
Superoxide Dismutase (SOD) and Glutathione Peroxidase
(GSH-Px) Activities. Superoxide dismutase (SOD) activity and glutathione peroxidase (GSH-Px) activity were determined using the corresponding diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu Province, China) according to the instructions of the manufacturer.
Statistical Analysis.
All the data are expressed as means ± standard deviations of triplicate determinations. e statistical package SPSS 16.0 was used for one-way ANOVA. e statistical differences between treatments were determined by Tukey's multiple range test, and the significance was established at P < 0.05. In addition, the Pearson's two-tailed correlation analysis was performed to assess the relationship between oxidative index and enzyme activities.
Results and Discussion
Changes of PV in Cantonese Sausage Processing.
Peroxide value (PV) is used to evaluate the amount of hydrogen peroxide produced by lipid oxidation, which could form primary oxidation products. As shown in Table 1 , PV of Cantonese sausage with DSE-0 significantly increased (P < 0.05) at 0-10 h and then decreased in 15-72 h. is may reflect the accumulation of hydroperoxide of 0-10 h changed into small molecules,with increased TBARS value, which is consistent with Qiu et al. [14] . Choe et al. [6] observed reduced PV in pork with addition of 0.05% of ascorbic acid, resulting in a dramatic and continual increase after 12 days or storage. Compared with samples prepared with only 0% of ascorbic acid, PVs of samples prepared with 0.05% of ascorbic acid were lower, indicating that ascorbic acid played a sustained antioxidant role in the oxidation of lipid. In our present study, PVs of samples with DSE-0.05 decreased without significant differences (P > 0.05) from 0 h to 10 h and increased without significant differences (P > 0.05) from 15 h to 72 h. is PV change trend of samples with DSE-0.1 was similar to the trend for samples with DSE-0.05, but lower than those with DSE-0.05 which is probably due to higher concentration.
Changes of TBARS Value in Cantonese Sausage
Processing. Secondary oxidation products of meat products are usually reflected by the determination of TBARS value, and the TBARS value is expressed as the amount of malondialdehyde (MDA). Wood et al. [15] predicted that meat would have a sour taste when the concentration of MDA exceeded 0.5 mg/kg, but Ferreira et al. [16] forecasted meat would have a bad flavor when the concentration of MDA was over 2-3 mg/kg. As shown in Table 1 , the TBARS value of all the Cantonese sausage in our present study did not exceed 2 mg/kg. With increased processing time, the TBARS value of samples with DSE-0 increased significantly (P < 0.05), and samples with DSE-0.05 and DSE-0.1 increased as well, though to a lesser extent as samples with DSE-0.
Changes of Carbonyl Value and Conjugated Dienes Value in Cantonese Sausage Processing.
e carbonyl values of DSE-0 (Table 1) increased initially (0-5 h) and thereafter decreased during the rest stage (10-72 h), possibly due to formation of ester compounds and some volatile molecules that are produced by organic acids and alcohols in 0-5 h. e carbonyl values of sausages with DSE-0.05 increased at the early stage (0-5 h) and thereafter decreased at the rest stage (10-72 h). Compared with the sausages with DSE-0, there were lower carbonyl values with DSE-0.05 for each treatment (except 30 h), indicating that D-sodium erythorbate acted as an antioxidant role in the oxidation processing of Cantonese sausage. e carbonyl value at 5 h with DSE-0.1 increased without significant differences (P > 0.05) and decreased significantly (P < 0.05) at the rest stage. e conjugated dienes values reflect the number of conjugated double bonds formed in the initial stage of oxidation of unsaturated fatty acids. e number of conjugated dienes decreased significantly (P < 0.05) with prolonged processing time (Table 1) , possibly due to the conversion of diene to other substances. Compared with samples with DSE-0, the conjugated dienes values of DSE added were lower, exhibiting effective inhibition of lipid oxidation by the addition of DSE. Compared with the sausages prepared with DSE-0.05, the conjugated dienes values of DSE-0.1 decreased without significant differences (P > 0.05) in 5-15 h but increased without significant differences (P > 0.05) at 30 h.
Changes of Total Phospholipase Activity in Cantonese Sausage Processing.
e formation of Cantonese sausage flavor is mainly dependent on lipids. During the processing period of Cantonese sausage, lipids undergo two processes: lipid degradation and lipid oxidation. Lipid degradation is the processing of glycerides into diesters, monoglycerides, and free fatty acids. Lipase was thought to play an important role in lipid degradation. ese enzymes can be derived from muscle, adipose tissue, or microorganisms [17] .
Microorganisms have little influence on lipid degradation, as shown by Montel et al. [18] and Johansson et al. [19] . Montel et al. [18] found that the content of free fatty acids in sausages prepared under sterile conditions were only slightly lower than those in the sausages with fermentation using microorganisms. Johansson et al. [19] found that the addition of antibiotics to dry fermented sausages could not reduce lipid degradation, and the lipid degradation of dry fermented sausage was mainly derived from the lipase and phospholipase activity of pork itself.
Toldrá and Flores [20] determined lower lipase activity of adipose tissue than the lipase activity of muscle in dry cured ham, and the main enzyme related to the flavor formation of cured products is intramuscular lipase. Enzymes related to lipid oxidation include phospholipase, fatty hydrolase, and lipoxygenase. Phospholipase is an important enzyme that acts in both fat hydrolysis and flavor formation. e total phospholipase activities ( Table 2) with DSE-0 were significantly increased from 0 to 15 h (P < 0.05), which could be due to the decrease of water activity and increase of salt content with prolonged processing time, and a certain amount of salt can promote the oxidation reaction [21] . e total phospholipase activities decreased significantly (P < 0.05) from 20 to 72 h, which might be attributed to the decrease in water activity because the salt content of sausage may not suitable for enzyme activities. e total phospholipase activities of samples with addition of DSE increased without significant differences in 0-5 h (P > 0.05) and then decreased significantly during the rest stage (P < 0.05), which could be due to a reaction between D-sodium erythorbate and phospholipase.
Changes of Acid Lipase and Neutral Lipase Activity in
Cantonese Sausage Processing. Lipase mainly consists of acid lipase and neutral lipase. Pigs of different genotypes have different fat hydrolase activities [22] . e acid lipase activity with DSE-0 increased significantly (P < 0.05) from 0 to 15 h and then decreased significantly (P < 0.05) in 15-72 h. is is consistent with the results from the study of Toldrá [23] . e water activity decreased when sausages were dried for 15 h, which promotes the increase of acid lipase activity, but the acid lipase activity continued to decrease after 15 h, which could be related to excessive content of salt [24] . e acid lipase activity in the sausage prepared with addition of DSE was highest at 5 h and then decreased during the rest stage, which was consistent with changes of phospholipase activity. e optimum enzyme activity temperature of acid lipase is 37°C, and the optimum temperature of neutral lipase is 45°C [13] . Compared with acid lipase activity, neutral lipase activity is higher, which could reflect similarity of the sausage processing temperature (50°C) to the optimum temperature of neutral lipase, which is beneficial to the release of its activity. In addition, the pH is near neutral during sausage processing [17] , which promotes neutral lipase activity. e neutral lipase activity of sausages with DSE-0 was highest at 15 h and then decreased, while sausages with DSE-0.05 and DSE-0.1 reached the highest point at 5 h and then decreased, effects that were consistent with acid lipase activity.
Changes of Superoxide Dismutase (SOD) Activity and Glutathione Peroxidase (GSH-Px) Activity in Cantonese
Sausage Processing. Dashdorj et al. [22] found that different genotypes of pork not only had different lipase activities but also had different SOD and GSH-Px activities. Compared with DSE-0, the activities of SOD with DSE-0.05 and DSE-0.1 were significantly increased (P < 0.05) at 5 h, 10 h, 15 h, 20 h, 30 h, and 72 h ( Table 2) , but SOD activities with DSE-0.05 decreased without significant differences (P > 0.05) and increased significantly (P < 0.05) with DSE-0.1 at 48 h. Journal of Food Quality e total phospholipase and acid lipase activity ( Table 2 ) with DSE-0 had highest value at 15 h, while the SOD activity had a low value. e SOD activity had a lowest value at 30 h, with higher total phospholipase and acid lipase activities. is could be explained by the following two points: (1) lipase may have an inhibitory effect on SOD activity; (2) Lee et al. [25] considered that in the 1.5%-2% range of NaCl concentration, there was a slow decrease in the activity of GSH-Px and catalase in the longissimus dorsi of pork, while SOD activity decreased rapidly with the increase of NaCl concentration. In our present study, water activity decreased and NaCl concentration increased with increased processing time, resulting in a rapid decrease in SOD activity. ere were different effects of different antioxidants on SOD. Deng et al. [26] added perilla seed (an antioxidant) to longissimus dorsi of lamb and found decreased SOD activity, which was different from the results of our study.
GSH-Px activities of samples with DSE-0 decreased significantly (P < 0.05) in 0-10 h and then increased without significant differences (P > 0.05) at 15 h, before decreasing significantly (P < 0.05) in 20-72 h. GSH-Px activity at 15 h was lower than that at 0 h, but GSH-Px activity and SOD activity of 15 h still were at the highest level. GSH-Px activities of samples with DSE-0.05 decreased rapidly, then increased, and then decreased. It had a high value in 10-20 h.
Correlation of Oxidation Indices (Peroxide Value, TBARS Value, Carbonyl Value, and Conjugated Dienes Value) and
Total Phospholipase, Acid Lipase, Neutral Lipase, SOD, and 
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GSH-Px in Cantonese Sausage.
e correlation of peroxide value, TBARS value, and antioxidant enzyme activity in the dry-salted bacon processing period was analyzed by Jin et al. [27] , who found only very few correlations between antioxidant enzyme activities and oxidation indices. ere was a significant correlation between TBARS value and GSH-Px activity (P < 0.05) and a significant correlation between TBARS value and SOD activity (P < 0.01) for samples that were salted with 1.0% salt and ripened at an initial temperature of 16°C. Chen et al. [28] studied the potential correlation of phospholipase A2 and GSH-Px activity in normal pork and PSE pork and found no correlation between the total phospholipase A2 activity and GSH-Px activity. sPLA2 + cPLA2 and GSH-Px activities were significantly correlated (P < 0.05), and calcium-independent phospholipase A2 was also significantly related to GSH-Px activity. e correlations of oxidation indices and total phospholipase, acid lipase, neutral lipase, SOD, and GSH-Px activity with increasing processing time were determined and are shown in Table 3 . e neutral lipase activity and GSH-Px activity with DSE-0 were negatively correlated to TBARS value (P < 0.01), neutral lipase activity was positively correlated to PV (P < 0.05), and the conjugated dienes value was positively correlated to GSH-Px activity (P < 0.05). e total phospholipase activity of DSE-0.05 was significantly negatively correlated to the TBARS value (P < 0.01), and neutral lipase activity and carbonyl value were also negatively correlated. e SOD activity of DSE-0.1 was significantly negatively correlated to PV (P < 0.05), the TBARS value was significantly negatively correlated to neutral lipase activity (P < 0.05), and the correlation of total phospholipase activity and TBARS value as well as GSH-Px activity and TBARS value were significantly negative (P < 0.01). ere was a significant correlation between total phospholipase activity and carbonyl value (P < 0.05) as well as neutral lipase activity and carbonyl value (P < 0.05). e correlations of oxidation indices and total phospholipase, acid lipase, neutral lipase, SOD, and GSH-Px activity with different additions of DSE are shown in Table 4 . At 0 h, the TBARS value and GSH-Px activity were significantly positively correlated (P < 0.01). At 5 h, PV and SOD activity were significantly negatively correlated (P < 0.01). At 15 h, acid lipase activity and PV, total phospholipase activity, and PV were significantly negatively correlated (P < 0.05) with a significantly positive correlation of SOD activity and PV (P < 0.05) and a significantly positive correlation of neutral lipase activity and conjugated dienes value (P < 0.01). At 30 h, total phospholipase activity and PV showed a significantly positive correlation (P < 0.01), acid lipase activity and TBARS value showed a significantly positive correlation (P < 0.05), but SOD activity and TBARS value showed a significantly negative correlation (P < 0.05). At 72 h, the total phospholipase activity and TBARS value showed a significantly positive correlation (P < 0.05) as there was a strong relationship between total phospholipase activity and carbonyl value (P < 0.05).
Conclusions
e rates of lipid degradation and oxidation were slowed down by addition of D-sodium erythorbate. e increase of Journal of Food Quality peroxide value during the early stage (0-10 h) of sausage processing might be due to formation of hydroperoxide, while the increase of TBARS value during the resting stage (15-72 h) might be due to the formation of small molecular flavors. Neutral lipase activity was the highest among the three lipases, followed by acid lipase activity, with total phospholipase activity as the lowest. is was closely related to the processing temperature and pH of the sausage. e addition of D-sodium erythorbate increased SOD activity but showed no clear effect on GSH-Px activity. With increased content of D-sodium erythorbate, SOD activity and peroxide value were significantly negatively correlated (P < 0.01) at 5 h, neutral lipase activity and conjugated dienes value showed a significantly positive correlation (P < 0.01) at 15 h, and the total phospholipase activity and peroxide value showed a significantly positive correlation (P < 0.01) at 30 h.
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